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Abstract
Anew spectroscopicmethod that utilizesmicrowave transition of ultracoldmolecules is
demonstrated. The narrow spectral linewidth (approximately 100Hz)was guaranteed by preparing
molecules at low temperature, and a high signal-to-noise ratio was achieved by preparing a signiﬁcant
fraction ofmolecules in the target internal state. The repetition rate of the experiment was
approximately 10 Hz,whichwas only limited by the time needed to load ultracold atoms into the
magneto-optical trap. To demonstrate the performance, we investigated the hyperﬁne structures of
the vibrational ground states of the Σ+X1 and Π +b3 0 states of KRbmolecules. This technique not only
allows us to pursue the narrow-line laser cooling of KRbmolecules, but also provided uswith essential
information for realizing precision spectroscopies e.g., the search for the temporal variation of the
electron-to-protonmass ratio.
1. Introduction
Recently, variousmethods have been developed for coolingmolecules to ultracold temperatures [1–6]. These
methods can be characterized by several ﬁgures ofmerit: the temperature, number ofmolecules, density, and
repetition rate of the experiments. For producing a quantumdegenerate sample ofmolecules, the density and
temperature are of prime concern. For spectroscopic purposes, the number, repetition rate, and temperature are
the keyﬁgures ofmerit.
We demonstrated that it is possible to produce KRbmolecules in the rovibrational ground state by
combining photo-association and stimulated Raman adiabatic passage (STIRAP) [7]. The temperature of the
molecules was approximately 100 μK, and the repetition rate of the experiment was approximately 10 Hz.
Furthermore, we proposed a procedure to laser-cool these ground-statemolecules to approximately the 1 μK
range by utilizing the narrow inter-combination transition [6]. A lower temperaturewould be beneﬁcial not
only for optical spectroscopy but also for spectroscopy in themicrowave frequency, because it will increase the
interaction time.
The idea of narrow-line cooling relies on the nearly-diagonal Franck–Condon factors (FCFs) between the
ground state and the excited state [6]. Because the FCF is sensitive to the rotational constants, it is important to
measure the rotational constants of each state. Here, we developed amethod tomeasure the rotational constants
by combining photo-association, STIRAP, andmicrowave spectroscopy of ultracoldmolecules. Thismethod
has been used for determining the rotational and hyperﬁne structure of KRbmolecules in the Σ+X1 , v= 0 state
and Π +b3 0 , v=0 state. The rotational constant in the Σ+X1 , v=0 state was determinedwith 10-digit accuracy.
2.Utracoldmolecular spectroscopymethod
The experimental scheme for spectroscopy is similar to that described in our previous publications [7, 8]








Content from this work




Any further distribution of
this workmustmaintain
attribution to the
author(s) and the title of
thework, journal citation
andDOI.
© 2015 IOPPublishing Ltd andDeutsche PhysikalischeGesellschaft
background gas, and compressed further during the compressed-MOT stage. The typical number of atoms,
density, and temperature for the Rb (K) atomswere 3× 107 (5 × 106), 3 × 1010 (9 × 109) −cm 3, and 70 (280) μK,
respectively. A photo-association laser, whichwas red-detuned from theD1 transition of Rb, was kept on during
theMOTand compressed-MOT stage and produced loosely bound ultracoldmolecules in the electronic ground
state.
The atomic vapor pressure in the chamberwas approximately 10−9 Torr, and the time constant forMOT
loadingwas approximately 1 s. Thus, one can increase the number of atoms in theMOTby increasing the
loading time.However, as we increased theMOT loading time, the number ofmolecules formed by photo-
associationwas rapidly saturated.We attributed this phenomenon to the saturation of atomic densities during
the compressed-MOT stage.We consider that the densities saturated because of light-assisted collisions and
radiation trapping. Thus, it wasmore efﬁcient to keep theMOT loading time approximately50 ms . One can
then repeat the entire experiment in approximately120 ms , whichmatches well with the repetition rate of the
pulsed laser used for detecting ionizedmolecules. This high repetition rate of the experiment contrasts well with
experiments using evaporative cooling, which typically requiremore than 10 s.
Photo-association followed by a spontaneous decay is a strong technique for producing loosely bound
molecules. The irreversibility of the process is ensured by the spontaneous nature of the decay.However,
precisely because of this spontaneous nature of the decay, the obtainedmolecules were distributed inmany
(electronic, vibrational, rotational, electron-spin, and nuclear-spin) internal states. To increase the branching
ratio to the target state, we used a vibrational state in the (3) +0 potential.We selected a bound state that lies 8.8
−cm 1below the RbD1 line, whose FCF to the Σ+X1 , v=91was as high as 0.1. The number ofmolecules per single
hyperﬁne level in the Σ+X1 , v= 91 state was of the order of 100, and the temperature of the loosely bound
molecules was approximately 130 μK.Molecules were detected via resonance enhancedmulti-photon
ionization (REMPI), i.e., ionizationwith a ns-pulsed laser followed by detection bymicro channel plate (MCP).
In this study, we have performedmicrowave spectroscopy for ultracoldmolecules. Because themolecules
were not trapped, the interaction time of the spectroscopywas limited by the thermal diffusion of themolecular
cloud. Because themean velocity of themolecules and the diameter of the ionization laser were approximately
−0.13 m s 1 and 4 mm, respectively, the interaction timewas about10 ms . The onlyway to improve this
interaction time further is to construct a ‘molecular fountain’ because gravity cannot be neglected on such a long
time scale.
Figure 1. (a)Design of the chamber and (b) schematics of the spectroscopy of the ultracold KRbmolecule [9].Molecules were formed
in the Σ+X1 , v=91 state by a photo-association(PA)with a 795 nm laser from the ultracold atoms loaded byMOT.Thesemolecules
were transferred into the Σ+X1 , v=0 state by STIRAPpulses withwavelengths 875 and 641 nm.Molecules were detected via resonance
enhancedmulti-photon ionization (REMPI). In this report, the rotational and hyperﬁne structures of the initial and ﬁnal states of the
cooling transitionwere investigated by optical andmicrowave excitations.
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3. Investigation of the rotational and hyperﬁne structures of the ΣX1 +, v=0 and Π +b3 0 ,
v=0 states toward the laser cooling
Cooling themolecule is a simple solution for increasing the interaction time andmaking the spectral linewidth
narrower.We proposed a narrow-line laser cooling of a KRbmolecule using Σ+X1 , v= 0− Π +b3 0 , v=0
transition, where themolecules could be cooled into sub-microkelvin [6]. To discuss the prospects of the laser
cooling, wemust investigate the rotational and hyperﬁne structure of the cooling transition. In the following, we
will report on the experiments and analysis of the rotational and hyperﬁne structures of the Σ+X1 , v=0 and
Π +b3 0 , v= 0 and v=1 vibrational states.
3.1. Spectroscopy of the rotational and hyperﬁne structures of the Σ+X1 , v=0 state
The hyperﬁne structure of the Σ+X1 , v=0 state is theoretically predicted in [10].We have experimentally
determined the structure by observing themicrowave transition ofN=0 toN=1.Using the sequence described
above, themolecules were transferred to the Σ+X1 , v=0,N=0 state using STIRAP, where themolecules were
distributed in F= 0-3 hyperﬁne states. Themolecules were then transferred into theN=1 state by applying a
microwave pulse, whose frequencywas approximately 2 GHz. Because of the large electric dipolemoment of the
KRbmolecule,minimalmicrowave powerwas needed to drive the transition. To detect themolecules in the
N=1 state selectively, themolecules in theN=0 state were optically pumped into other vibrational states.
ﬁgure 2 shows the typical spectrumof themicrowave transition. The interaction timewas16 ms , and the full-
width-of-half-maximum (FWHM)of the resonance was approximately 70 Hz. The spectrumwas slightly
distorted because of the inhomogeneous electric ﬁeld. All 4 (10) hyperﬁne states in theN=0 =N( 1) rotational
states were observed.
According to [10, 11], the energy level structure of Σ+X1 , v=0 state can be derived using the following
Hamiltonian, which is the sumof contributions from rotation (Hrot), hyperﬁne (Hhf), the Stark effect (HS), and
the Zeeman effect (HZ):
= + + +H H H H H . (1)rot hf S Z
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The rotationalHamiltonian (Hrot) describes the rotational energy with the rotational constantB. The
hyperﬁneHamiltonian (Hhf) comprises of four terms. Theﬁrst termdescribes the electronic quadrupole
interactionwith coupling constants eQq( )K and eQq( )Rb, whereq q( )K Rb is the electric ﬁeld gradient at the
nuclear of the K(Rb) atom and eQ eQ( )K Rb is its quadrupolemoment. The second termdescribes the interaction
between the rotational angularmomentum and the nuclear spins with the coupling constants cK and cRb. The
Figure 2.Microwave spectrumof theN=0, F=2 toN=1, F=3 transition in the Σ+X1 , v=0 state. The spectrumwas obtained by
applying a16 ms microwave pulsewith constant power. The full-width at half-maximum (FWHM)of the resonancewas
approximately 70 Hz.Only 4 minwas needed to acquire this entire spectrum.
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third and fourth terms describes the tensor and scalar coupling between the nuclear spins with coupling
constants c3 and c4, respectively.
The StarkHamiltonian (HS) describes the interaction between themolecular electric dipolemoment (μ)
and the external electricﬁeld (E). The value of μwas experimentallymeasured in [1]. In our experiment, an
electric ﬁeld of −0.19(6) V m 1was applied from theMCPduring the interaction time, which resulted in a Stark
shift of the order of 100mHz, whichwas included in our analysis.
The ZeemanHamiltonian (HZ) describes the interaction between themolecularmagneticmoment and the
externalmagnetic ﬁeld (B). Theﬁrst and second termdescribe themagneticmoments caused by the rotation
and nuclear spins, respectively, where gr, gK, gRb are the g factors for the rotation and nuclear spins of K andRb
atoms, respectively.σK andσRb in the second term are the shielding tensors for K andRb, respectively, which give
small corrections to the Zeeman shift. The values of the g factors and σs for theKRbmolecule are predicted in
[10]. Themagnetic ﬁeld during the interaction timewas approximately 0.1 μT. Thismagneticﬁeld causes
Zeeman splitting of the order of 1 Hz, whichwas smaller than our resolution limit. In the analysis, we assume
equal occupations between all themagnetic sub-levels.
The hyperﬁne and rotational constants obtained by analyzing the experimental data are listed in table 1with
theoretical predictions fromother publications. Although error bars for the theoretical predictions aremissing,
the overall agreement is quite convincing. This precise value of the rotational constant should be a great help for
the precise determination of FCFs.
3.2. Spectroscopy of the rotational and hyperﬁne structures of the Π +b3 0 state
Todate, there have been neither theoretical nor experimental studies on the hyperﬁne structures of the Π +b3 0
state. However, a detailed study on its hyperﬁne structure ismandatory to achieve narrow-line cooling of KRb
molecules.We used the sameHamiltonian as that used in equation (1), because the projection of the total
electronic angularmomentum along the internuclear axis (i.e.,Ω) is zero. The study of the Π +b3 0 state was
performed optically. First,molecules were transferred to the Σ+X1 , v=0,N=0 state using a combination of
photo-association and STIRAP. Then, themolecules were excited into the Π +b3 0 state by a resonant laser
(1029 nm) (ﬁgure 1), whose frequencywas stabilizedwith a high-ﬁnesse optical cavity [13]. The spectrumwas
obtained by scanning the frequency of the excitation laser and counting the number ofmolecules decayed to
other vibrational levels of the Σ+X1 state.
Figure 3(a) shows the spectrumof the Σ+X1 , v=0,N=0 to Π +b3 0 , v=0,N=1 transition. The spectral
linewidthwas determined by theDoppler broadening effect (approximately 200 kHz), whichwasmuchwider
than the natural linewidth (approximately 5 kHz). To increase the signal-to-noise ratio, we broadened the
linewidth of the excitation laser to a fewhundred kilohertz by applying a deep phasemodulation using an
electro-opticmodulator.Whatwas observed in the spectrum are the hyperﬁne structure of the Π +b3 0 state,
because the hyperﬁne splitting of the Σ+X1 , v=0,N=0, F = 0-3 (several kHz)was too small to resolve. For the
assignment of each signal, we performed a double resonance spectroscopy, where themicrowave and the
excitation laser were applied simultaneously.
Figure 3(b) shows the level structure of the Π +b3 0 , v=1,N=0 state. Themolecules in the Σ+X1 , v=0,N=0
state cannot be directly excited into the Π +b3 0 , v=1,N=0 state because of the selection rule onN. Therefore, the
molecules in the Σ = =+X v N, 0, 01 state were transferred into theN= 1 states by amicrowave transition and
then excited into the Π +b3 0 , v=1,N= 0 state, using a light pulse with higher intensity to drive theweak transition.
The spectrumof the Π +b3 0 , v=0,N=0 state was also obtained in a similarmanner.
The rotational and hyperﬁne constants of Π +b3 0 , v= 0 and v=1 state are summarized in table 2. These values
play an essential role in estimating the FCF between the Σ+X1 , v=0 and Π +b3 0 , v=0 state [6].
Table 1.Hyperﬁne and rotational constants of Σ+X1 , v=0. The observed spectra
were analyzed using theHamiltonian shown in equation (1) (see text). All the
energies are given inHertz (Hz).
Otherworks This work
eQq( )K −2.98 × 10
5 ([10]) −3.35206(6) × 105
eQq( )Rb −1.52 × 10
6([10]) −1.415413(3) × 106
cK 10.4 ([10]) 10.4(6)
cRb 413.1([10]) 465.7(3)
c3 21.3 ([10]) 22.3(3)
c4 896.2 ([10]) 926.6(3)
B 1.09539(2) × 109 ([12]) 1.09537730535(30) × 109
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3.3. Toward the laser cooling of KRbmolecules
For the laser cooling of themolecules, the cooling transition should be closed for the vibrational, rotational, and
hyperﬁne states.We reported that the FCFs of the Σ+X1 − Π +b3 0 transition are nearly diagonal, and thus one can
form the cycling transition for the vibrational states [6]. For the rotational states, one can use the Σ+X1 , v=0,
N=1 to Π +b3 0 , v=0,N=0 transition. The hyperﬁne structure of the Σ+X1 , v=0,N=1 and Π +b3 0 , v=0,N=0
states are shown inﬁgure 4. The Σ+X1 , v=0,N=1 state splits into 10 hyperﬁne states, where the energy splitting
of the nearest states is larger than the natural linewidth of the Σ+X1 to Π +b3 0 transition. The Π +b3 0 , v=0,N=0
state splits into four hyperﬁne states with a larger separation than that of the Σ+X1 , v= 0,N= 1 state. Tomake a
cycling transition, all of the hyperﬁne states in the Σ+X1 , v=0,N= 1 state should be excited simultaneously. The
magnetic sublevels of F=4, ∣ ∣ =m 4F become dark states under the π-polarization cooling laser. These dark
states could be eliminated by applying amagnetic ﬁeld of the order of 0.1mT.
Figure 3. Spectra of the hyperﬁne structure of the (a) Π +b3 0 , v=0,N=1 and (b) v=1,N=0 states. The spectrawere obtained by the
laser-excitation from the Σ+X1 , v=0 state. The spectral linewidthwas limited by theDoppler broadening effect. The assignment of
each signal is shown in the legends.
Table 2.Rotational and hyperﬁne constants of
Π +b3 0 , v=0 and v=1. The observed spectra
were analyzed using theHamiltonian shown in
equation (1). All the energies are given in kilo-
hertz (kHz).
Π =+b v, 03 0 Π =+b v, 13 0
eQq( )K 1719(70) 1767(79)
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4. Summary
Wedeveloped a new type of spectroscopy using ultracoldmolecules. A narrow linewidthwas achieved by
preparingmolecules at low temperature, and STIRAP transfer was used to preparemolecules in speciﬁc internal
states. Using thismethod, we determined the rotational constant of Σ+X1 , v=0with 100mHz accuracy.We also
determined the energy level structure of the Π +b3 0 state. To further reduce the linewidth of the resonance, we
discussed the prospect of narrow-line laser cooling. Ourmethod could be applied to other precision
spectroscopies, such as in the investigation of the temporal variation of the electron-to-protonmass ratio [14].
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